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Abstract
We discuss an N = 2 supergravity model that interpolates the full and
the partial supersymmetry breakings. In particular, we find the conditions for
an N = 0 Minkowski vacuum, which is continuously connected to the partial-
breaking (N = 1 preserving) one. The model contains multiple (Abelian)
vector multiplets and a single hypermultiplet, and is constructed by employ-
ing the embedding tensor technique. We compute the mass spectrum on the
Minkowski vacuum, and find some non-trivial mass relations among the mas-
sive fields. Our model allows us to choose the two supersymmetry-breaking
scales independently, and to discuss the cascade supersymmetry breaking for
the applications to particle phenomenology and cosmology.
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1 Introduction
Extended (N ≥ 2) supergravity naturally appears from higher dimensional supergravity and
string compactifications (see [1,2] for review). Its interactions are more restricted (predictive)
than N = 1 supergravity, which has been intensively investigated from the viewpoint of
particle phenomenology and cosmology. Due to the restrictions, it is a non-trivial task
to obtain a phenomenologically favorable supersymmetry-breaking vacuum. This fact is
related to the no-go theorem for the partial breaking of extended supergravity [3, 4]. For
example, in N = 2 supergravity, the naive gauging (electric gauging in the frame where
1
the prepotential exists) leads to the breaking of the whole N = 2 supersymmetries,1 and
some fields acquire masses by (super) higgs mechanism. However, it generally leads to a
degenerate mass spectrum due to a single supersymmetry-breaking scale. Therefore, it is
impossible to realize the above mentioned N = 1 models within this framework. In order to
incorporate such phenomenological models, the N = 2 supersymmetries need to be broken
by two different breaking scales. Then, an approximate N = 1 supersymmetry appears
between these scales. Furthermore, when they are hierarchical, the situation approaches to
the partial breaking of the supersymmetries.
The possibility of the partial breaking in N = 2 supergravity was found in Refs. [7–9],
and there, it was shown that the partial breaking occurs by gauging a matter (hyper) sector
in a specific frame where the prepotential does not exist. The systematic analysis for the
partial breaking conditions based on the so-called embedding tensor [10, 11] can be found
in Ref. [12] (see also [13–15]). These models are studied in connection with the partial
breaking in the global N = 2 models [16] by taking the rigid supersymmetry limit [8,17–19].
Also, there are various discussions related to the D-brane effective actions, e.g., [20–35]. The
partial supersymmetry breaking in non-Abelian gauge theories are discussed in both of the
global [36–38] and the local supersymmetry cases [39] (see also [40] for review).
In this paper, we interpolate the full and the partial supersymmetry breaking to obtain
the approximate partial breaking of N = 2 supersymmetries.2 Then, the spectrum should be
characterized by two independent breaking scales of the N = 2 supersymmetries. In Ref. [7],
the model realizes the full or the partial supersymmetry breaking, and the parameter spaces
for those vacua are continuously connected. For phenomenological applications, we need
matter multiplets, in addition to the goldstino multiplets. Therefore, we generalize the
model in such a way that it has multiple vector multiplets, more general prepotential, and
larger class of the gauging of the isometries, including the model of Ref. [7] as a special
case. Then, we investigate the conditions for the supersymmetry breakings at two different
scales, and compute the corresponding mass spectrum. As we will see later, there are some
non-trivial relations in the spectrum in this class of models.
This paper is organized as follows. In Sec. 2, we briefly review N = 2 supergravity
and specify our model. In Sec. 3, we derive the stationary conditions of the potential, and
discuss the supersymmetry breaking by analyzing the supersymmetry transformations of
the fermions. Then, we compute the boson and the fermion masses and find some relations
among them. Section. 4 is devoted to the summary. In Appendix A, we collect the notations.
The technical details of the embedding tensor formalism are summarized in Appendix B.
In Appendix C, we list the vacuum expectation values of the gauge kinetic functions. In
Appendix D, we show the interaction terms including fermion bilinears on the vacuum, which
are necessary to discuss the decay modes in Sec. 3.
1The full supersymmetry breakings in N = 2 supergravity are also discussed based on the constrained
N = 2 superfields, e.g., in Refs. [5, 6].
2A similar approach in the global N = 2 supersymmetry can be found in Refs. [41, 42]
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2 Set up
In this section, we specify the model which is a generalization of Ref. [7]. Here we follow
the convention of [46] and use the unit MP = 1, where MP = 2.4× 1018 GeV is the reduced
Planck mass.
2.1 Vector and hyper sectors
We consider N = 2 gauged supergravity in four dimensions which contains nv Abelian vector
multiplets, one hypermultiplet, in addition to the gravitational multiplet:
Vector multiplets : {zi, λiA, Aiµ}, (i = 1, · · · , nv) (2.1)
Hypermultiplet : {bu, ζα}, (2.2)
Gravitational multiplet : {gµν , ψAµ , A0µ}. (2.3)
A vector multiplet contains a complex scalar zi, two gauginos λiA (A = 1, 2) and a vector
Aiµ. A hypermultiplet contains four real scalars b
u (u = 0, · · · , 3)3 and two hyperinos ζα (α =
1, 2).4 The gravitational multiplet contains the spacetime metric gµν (µ, ν = 0, · · · , 3), two
gravitinos ψAµ (A = 1, 2) and the graviphoton A
0
µ. Note that there are N + 1 vector fields in
the system and they are labeled by AΛµ (Λ = 0, 1, · · · , nv).
Vector sector
The vector sector is governed by the prepotential F (XΛ), which is a holomorphic function
of nv + 1 complex variables X
Λ (Λ = 0, 1, · · · , nv), and is homogeneous of degree two. In
general, it can be parameterized as
F = −i(X0)2f(X i/X0), (2.4)
where f is an arbitrary holomorphic function. In N = 2 supergravity, the theory has (on-
shell) Sp(2nv + 2,R) symmetry which acts on the holomorphic section,
ΩM(z) =
(
XΛ(z)
FΣ(z)
)
, (Λ,Σ = 0, 1, · · · , nv) (2.5)
where FΣ = ∂F/∂X
Σ, and the index M specifies 2nv + 2 components of the symplectic
vector.
Based on the holomorphic section Ω, the Ka¨hler potential K is given in a manifestly
symplectic invariant way as
K = − log(iΩ¯TCΩ) = − log (iX¯ΛFΛ − iF¯ΛXΛ) , (2.6)
3The hyperscalars bu (u = 0, · · · , 3) have the quaternionic structure.
4Note that α is not a spinor index. The spinor indices are suppressed throughout this paper.
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where C is a symplectic invariant tensor,
C =
(
0nv+1 1nv+1
−1nv+1 0nv+1
)
. (2.7)
We take a special coordinate as
X0 = 1, X i = zi, (2.8)
where zi are identified as physical scalars in vector multiplets. Then, FΛ = {F0, Fi} becomes
F0 = −2if + izifi, Fi = −ifi, (2.9)
where the subscript i on f denotes the derivative with respect to zi. The Ka¨hler potential
is then written by
K = − logK0, where K0 ≡ 2(f + f¯)− (z − z¯)i(fi − f¯i). (2.10)
This is the general form of the Ka¨hler potential.
The derivatives of the Ka¨hler potential, the Ka¨hler metric, and the Levi-Civita connection
are computed as
∂iK = −∂iK0K0 = −
1
K0
(
fi + f¯i − (z − z¯)jfij
)
, (2.11)
gij¯ = ∂iK∂j¯K −
1
K0 (fij + f¯ij), (2.12)
Γkij = g
k ¯`∂igj ¯` = 2δ
k
(i∂j)K −
gk
¯`
K0 (∂i∂jK0∂¯`K + ∂i∂j∂¯`K0). (2.13)
Furthermore, for later convenience, we list several quantities which appear in the Lagrangian:
V M =
(
LΛ
MΣ
)
≡ eK/2ΩM = eK/2
(
XΛ(z)
FΣ(z)
)
, (2.14)
UMi =
(
fΛi
hΣi
)
≡ DiV M =
(
∂i +
1
2
∂iK
)
V M , (2.15)
DiUMj = ∂iUMj +
1
2
∂iKUMj − ΓkijUMk = eKfijkgkk¯U¯Mk¯ . (2.16)
Finally, the gauge kinetic functions NΛΣ are given by
NΛΣ = F¯ΛΣ + 2iImFΛΓImFΣΠX
ΠXΓ
ImFΠΓXΠXΓ
. (2.17)
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Hyper sector
As for the hyper sector, we consider the following quaternion-Ka¨hler metric [7],
huv =
1
2(b0)2
δuv, (2.18)
which describes a nonlinear sigma model on SO(4, 1)/SO(4). As shown recently in Ref. [15],
this is the unique metric of a single hypermultiplet for the partial breaking in Minkowski
space. The vielbein UαA = UαAu dbu can be read off as
UαA = 1
2b0
αβ
(
db0 − i
3∑
x=1
σxdbx
) A
β
, (2.19)
where A = 1, 2 and α = 1, 2 represent the SU(2) and Sp(2) indices respectively (their
conventions are shown in Appendix A). σx is the standard Pauli matrices. The SU(2)
connection is given by
ωxu =
1
b0
δxu. (2.20)
Note that Eq. (2.18) admits three commuting isometries:
bm → bm + cm, (m = 1, 2, 3) (2.21)
where cm are real constants.5 Then, the Killing vectors kum which generate these transfor-
mations and the moment maps corresponding to kum are
kum = δ
u
m, Pxm =
1
b0
δxm. (2.22)
2.2 Gauging
In order to discuss the supersymmetry breaking, we will gauge some of the isometries of the
hyper sector. For this purpose, we employ the embedding tensor formalism [10, 11], which
is useful for discussing the general gauging of the extended supergravity (see also [47,48] for
a review). This formalism formally introduces a double copy of the gauge fields, i.e., the
electric gauge fields AΛµ and the magnetic gauge fields AµΣ (Λ,Σ = 0, 1, · · · , nv), and gauges
some of the global symmetries with the gauge couplings,
Θ mM =
(
Θ mΛ
ΘΣm
)
, (2.23)
5Although both indices m and x run over 1, 2 and 3, m labels the isometries while x is used to emphasize
the SU(2) structure.
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which is called the embedding tensor.
The tensor Θ mM must satisfy several conditions for the self-consistency of the theory [10,
11]. In our case where no isometry on the vector sector is gauged, the only corresponding
constraint is
Θ mM CMNΘ nN = 0. (2.24)
Then the covariant derivative is defined by
Dµ ≡ ∂µ − AΛµΘ mΛ Tm − AµΣΘΣmTm, (2.25)
where Tm are generators of the isometries (2.21), thus k
u
m = Tmb
u. We also define
kuM = Θ
m
M k
u
m, PxM = Θ mM Pxm. (2.26)
Note that the magnetic vectors AµΛ also participate in the gauging.
Our interest is the N = 2 supergravity system with two breaking scales, which can realize
the N = 1 (partially broken) vacuum in some limits of the gauge couplings. We need to
gauge two of the isometries in Eq. (2.21) to obtain the partial breaking [7–9] because the
N = 1 massive gravitino multiplet contains two massive vector fields, which come from the
gauging of two isometries. Also, we need a magnetic entry in Eq. (2.23) for the partial
breaking because it is proven in Ref. [12] that purely electric gauging cannot preserve N = 1
supersymmetry. From these observations, we take the embedding tensor as
Θ mM =

0 e2 e3
0 Ei 0
0 0 0
0 M i 0
 , (2.27)
where we choose the directions b2 and b3 to be gauged. All of the parameters in Eq. (2.27)
are real constants. The gauge coupling constants e2, e3 and Ei are the electric ones, and
M i are the magnetic ones. One can check that Eq. (2.27) satisfies Eq. (2.24). This is a
generalization of the one discussed in Ref. [15]. Our setup reduces to the model of Ref. [7]
when e2 = Ei = 0 and nv = 1.
2.3 Action and supersymmetry transformation
Here we show the relevant parts of the Lagrangian [46, 49–51]. Due to the existence of the
embedding tensor as well as some magnetic vector fields, we have to introduce auxiliary
two-form fields Bµν,m for consistency (see Refs. [10, 11] for detail).
The Lagrangian is given by
L = −1
2
R + Lkin + LY + LPauli + Lder + Ltop − V, (2.28)
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where R is the Ricci scalar and we have omitted the four fermi interactions. Lkin consists of
the kinetic terms and we further decompose it for later convenience,
Lkin = Lkin,z + Lkin,b + Lkin,v + Lkin,f (2.29)
Lkin,z = gij¯∂µzi∂µz¯ j¯ (2.30)
Lkin,b = huvDµbuDµbv (2.31)
Lkin,v = 1
4
IΛΣHΛµνHΣµν +
i
4
RΛΣHΛµνH˜Σµν , (2.32)
Lkin,f = 1√−gε
µνρσψ¯Aµ γνDρψAσ −
i
2
gij¯λ¯
iAγµDµλj¯A − iζ¯αγµDµζα + h.c., (2.33)
where HΛµν is a gauge invariant combination of the field-strength and the two-form field,
HΛµν ≡ FΛµν +
1
2
ΘΛmBµν,m, (2.34)
and H˜µν ≡ − i2εµνρσHρσ. IΛΣ and RΛΣ are imaginary and real parts of NΛΣ. Dµbu is defined
in Eq. (2.25). The covariant derivatives for fermions are shown in Appendix D.
LY denotes the interactions including the fermion bilinears and it is explicitly given by
LY =2SABψ¯Aµ γµνψBν + igij¯W iABλ¯j¯AγµψµB + 2iNAα ζ¯αγµψµA
+Mαβ ζ¯αζβ +MαiB ζ¯αλiB +MijABλ¯iAλjB + h.c., (2.35)
where
SAB ≡ i
2
(σx)ABPxMV M , (2.36)
W iAB ≡ i(σx)ABPxMgij¯U¯Mj¯ , (2.37)
NAα ≡ −2UAuαkuM V¯ M , (2.38)
Mαβ ≡ UαAu UβBv ABD[ukv]MV M , (2.39)
MαiB ≡ 4UαBukuMUMi , (2.40)
MABij ≡ i
2
(σx)ABPxMDiUMj . (2.41)
In their expressions, DukvM = ∂ukvM + vxyωxukyM and DiUMj can be found in Eq. (2.16).
The interaction terms LPauli and Lder are necessary in subsection 3.6 and their explicit
expressions are shown in Appendix D.
Ltop is required for consistency of the embedding tensor formalism and it is given by [11]
Ltop = − i
4
ΘΛmB˜µν,m
(
F µνΛ −
1
4
Θ nΛ B
µν
n
)
. (2.42)
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Finally, the scalar potential V is given by
V = gij¯UMi U¯
N
j¯ PxMPxN + 4huvkuMkvN V¯ MV N − 3V¯ MV NPxMPxN . (2.43)
Note that the Lagrangian (2.28) has larger gauge symmetry, in addition to the Abelian
gauge symmetry of the vector fields. Indeed, it is invariant under
δAΛµ = −
1
2
ΘΛmΞµm, (2.44)
δAµΛ =
1
2
Θ mΛ Ξµm, (2.45)
δBµν,m = 2∂[µΞν]m, (2.46)
where Ξµm are the gauge transformation parameters of the two-forms.
We need the supersymmetry transformations of the fermions to discuss supersymmetry
breaking. The relevant parts are given by
δψAµ = iSABγµB + · · · , (2.47)
δλiA = W iABB + · · · , (2.48)
δζα = N
A
α A + · · · , (2.49)
where A are the transformation parameters. The ellipses represent other contributions,
which vanish in the Minkowski vacuum.
3 Spectrum
Here we derive the mass spectrum of our model.
3.1 Scalar potential and minimization
First, let us discuss conditions the vacuum satisfies. Under the gauging (2.27), the scalar
potential (2.43) is explicitly given by
V =
eK
(b0)2
[
gij¯Dxi D¯
x
j¯ −
(Ex − ifjMxj +N xj zj) (Ex + if¯kMxk +N xk z¯k)], (3.1)
where we have defined
Dxi ≡ Ex∂iK − iMxj(fij + ∂iKfj) +N xj (δji + ∂iKzj), (3.2)
Ex ≡ (0, e2, e3), Mxj ≡ (0,M j, 0), N xj ≡ (0, Ej, 0). (3.3)
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Note that the scalar potential (3.1) is independent of bm (m = 1, 2, 3). Thus, the minimum
is obtained by solving
∂iV = 0, (3.4)
∂b0V = 0, (3.5)
where ∂i = ∂/∂z
i and ∂b0 = ∂/∂b
0. They give nv + 1 equations in general. By using
Eq. (2.16), Eq. (3.4) can be summarized as
fijkg
jj¯gkk¯D¯xj¯ D¯
x
k¯ = 0. (3.6)
In general, it is difficult to solve these equations for a general form of f . Therefore, for
simplicity, we assume that one of zi has a nonzero expectation value (we choose it the N -th
direction), and the vacuum satisfies the following conditions:〈
zi
〉
= δiNλ, (3.7)
〈fi〉 = δiN 〈fN〉 , (3.8)
〈fiN〉 = δiN 〈fNN〉 , (3.9)
〈fNNi〉 = δiN 〈fNNN〉 . (3.10)
Then, the derivative of the Ka¨hler potential and the Ka¨hler metric become
〈∂iK〉 = δiN 〈∂NK〉 , (3.11)
〈giN¯〉 = δiN¯
(| 〈∂NK〉 |2 − 〈fNN + f¯NN〉 / 〈K0〉) . (3.12)
Later, we will check that these assumptions for the vacuum are valid in a concrete choice of
f . Furthermore, we assume that the gauging is done only for the N -th direction, i.e.,
Mxj = δjNMN , N xj = δjNEN , (3.13)
which lead to
〈Dxi 〉 = δiN 〈DxN〉 . (3.14)
Under these simplifications, Eq. (3.6) is reduced to just one equation,〈
fNNN(g
NN¯)2D¯xN¯D¯
x
N¯
〉
= 0, (3.15)
and the others are trivially satisfied. Therefore, if the vacuum satisfies either〈
(D¯xN¯)
2
〉
= 0, (3.16)
or
〈fNNN〉 = 0, (3.17)
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then Eq. (3.4) is satisfied at that point.
Next, one can check that Eq. (3.5) is satisfied if
〈fNN〉 = −i EN
MN
. (3.18)
In this case, we obtain 〈∂NK〉 = 〈∂N¯K〉 and 〈gNN¯〉 = | 〈∂N¯K〉 |2 since 〈fNN〉 is pure imaginary
(see Eqs. (2.11) and (2.12)). Also, the condition (3.18) leads to the Minkowski vacuum.
Under the condition (3.18), Eq. (3.16) can be simplified further as,
〈fN〉 = − 1
MN
(ie2 + iENλ± e3) . (3.19)
In the following discussion, we take the plus branch.6
In summary, under the assumptions (3.7)-(3.10) and (3.13), the vacuum must satisfy
either of the two conditions:
(i) Eqs. (3.18) and (3.17),
(ii) Eqs. (3.18) and (3.19).
These conditions have been derived in Ref. [15] in the case of a single vector multiplet
(nv = 1). We will investigate how many supersymmetries are (un)broken in the vacuum in
the next subsection.
3.2 Supersymmetry transformation
Let us begin with the case (ii). Under the conditions (3.18) and (3.19), the supersymmetry
transformations (2.47)-(2.49) in the vacuum become
〈δψAµ〉 =
〈
e3e
K/2
2b0
〉( −1 1
1 −1
)
γµ
(
1
2
)
, (3.20)
〈
δλiA
〉
= δiN
〈
ie3e
K/2
b0
gNN¯∂N¯K
〉( −1 1
1 −1
)(
1
2
)
, (3.21)
〈δζα〉 =
〈
ie3e
K/2
b0
〉( −1 1
−1 1
)(
1
2
)
. (3.22)
As can be seen, all of the matrices have a zero eigenvalue. Indeed, defining
φ± =
1√
2
(φ1 ± φ2), (3.23)
6For the choice of the minus sign, see the comment below Eq. (3.26).
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with φ = {ψ, λ, ζ, }, we can rewrite them as( 〈δψ+µ〉
〈δψ−µ〉
)
=
〈
−e3e
K/2
b0
〉
γµ
(
0
−
)
, (3.24)( 〈δλi+〉
〈δλi−〉
)
= δiN
〈
−2ie3e
K/2
b0
gNN¯∂N¯K
〉(
0
−
)
, (3.25)( 〈δζ+〉
〈δζ−〉
)
=
〈
−2ie3e
K/2
b0
〉(
−
0
)
. (3.26)
Therefore, one of the two supersymmetries is broken (for − direction), but the other one is
still preserved (for + direction). The minus sign in Eq. (3.19) leads to the preservation of
− direction. We conclude that for nonzero e3 and MN , we always have N = 1 preserving
vacuum in the case (ii).7
In the case (i), on the other hand, the supersymmetry transformations are
〈δψAµ〉 =
〈
eK/2
2b0
〉(
τ e3
e3 τ
)
γµ
(
1
2
)
, (3.27)
〈
δλiA
〉
= δiN
〈
ieK/2
b0
gNN¯∂N¯K
〉(
τ¯ e3
e3 τ¯
)(
1
2
)
, (3.28)
〈δζα〉 =
〈
−ie
K/2
b0
〉(
e3 τ¯
−τ¯ −e3
)(
1
2
)
, (3.29)
where
τ ≡ ie2 + iENλ+MN 〈fN〉 . (3.30)
In this case, the value of 〈fN〉 is not determined by the vacuum conditions. The vacuum can
be broken to N = 0 depending on 〈fN〉. If we choose 〈fN〉 as Eq.(3.19), the situation goes
back to the case (ii), and N = 1 supersymmetry is preserved. Thus, we can interpolate the
full and the partial breakings in this case.8
In order to characterize the deviation from the partial-breaking condition (3.19), we
parametrize 〈fN〉 as
〈fN〉 = − 1
MN
(ie2 + iENλ+ e3 + ∆) , (3.31)
where we have introduced ∆ (complex) as an order parameter of N = 0 breaking. ∆ = 0
recovers N = 1 preserving (partially broken) vacuum. Then, Eqs. (3.27)-(3.29) are expressed
7The global supersymmetry limit of this partial breaking vacuum have been discussed in Refs. [8,17–19].
8In the purely electric gauging, it is possible to break full N = 2 supersymmetry, but the supplemental
condition for the partial breaking (3.19) is never satisfied [12].
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as
〈δψAµ〉 =
〈
−e
K/2
2b0
〉(
e3 + ∆ −e3
−e3 e3 + ∆
)
γµ
(
1
2
)
, (3.32)
〈
δλiA
〉
= δiN
〈
−ie
K/2
b0
gNN¯∂N¯K
〉(
e3 + ∆¯ −e3
−e3 e3 + ∆¯
)(
1
2
)
, (3.33)
〈δζα〉 =
〈
−ie
K/2
b0
〉(
e3 −e3 − ∆¯
e3 + ∆¯ −e3
)(
1
2
)
. (3.34)
In terms of the basis (3.23), these are rewritten as( 〈δψ+µ〉
〈δψ−µ〉
)
=
〈
−e
K/2
2b0
〉
γµ
(
∆+
(2e3 + ∆)
−
)
, (3.35)( 〈δλi+〉
〈δλi−〉
)
= δiN
〈
−ie
K/2
b0
gNN¯∂N¯K
〉(
∆¯+
(2e3 + ∆¯)−
)
, (3.36)( 〈δζ+〉
〈δζ−〉
)
=
〈
−ie
K/2
b0
〉(
(2e3 + ∆¯)−
−∆¯+
)
. (3.37)
The full supersymmetry breaking occurs unless ∆ = 0,−2e3. In the following, we call the
supersymmetry transformations caused by + and − as the first and the second supersym-
metry transformations, respectively.
3.3 Explicit model
Let us specify our model. We assume that f has the following form,9
f = c0 + ciz
i +
1
2
cijz
izj +
1
6
cijkz
izjzk, (3.38)
where c0, ci, cij and cijk are complex constants and totally symmetric for their indices. This
satisfies Eqs. (3.17) and (3.18) if
cNNN = 0, (3.39)
cNN = −i EN
2MN
. (3.40)
Also, from the assumptions (3.7)-(3.10), we obtain
f = c0 + cNz
N + cNN(z
N)2 + caˆbˆz
aˆzbˆ + 3caˆbˆNz
aˆzbˆzN + caˆbˆcˆz
aˆzbˆzcˆ, (3.41)
where we have divided the indices i = {aˆ, N} with aˆ = 1, · · · , nv − 1.10
9In Ref. [7], the case f = z is considered.
10The convention of the indices is summarized in Appendix A.
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3.4 Fermion mass
Let us check the spectrum of the fermion sector. In the vacuum, fermion mass terms from
the interactions in Eq. (2.35) are evaluated as
LY =
〈
ieK/2
b0
〉(
∆ψ+µ γ
µνψ+ν + (∆ + 2e3)ψ
−
µ γ
µνψ−ν
)
+
〈
eK/2
b0
∂N¯K
〉(
∆¯λ¯N¯+γµψ
µ
+ + (∆¯ + 2e3)λ¯
N¯
−γµψ
µ
−
)
+
〈
2eK/2
b0
〉(
(∆¯ + 2e3)ζ¯
+γµψ
µ
− − ∆¯ζ¯−γµψµ+
)
+
〈
ieK/2
b0
〉(
(∆ + 2e3)ζ¯+ζ+ + ∆ζ¯−ζ−
)
+
〈
2ieK/2
b0
∂NK
〉(
(∆ + 2e3)ζ¯+λ
N− −∆ζ¯−λN+
)
−
〈
ie3K/2
2b0
gNN¯∂N¯KfaˆbˆN
〉(
∆¯λ¯aˆ−λbˆ− + (∆¯ + 2e3)λ¯aˆ+λbˆ+
)
+ h.c.
≡m1ψ+µ γµνψ+ν + im1χ¯•γµψµ+ +
m1
3
χ¯•χ• − m1
3
η¯•η•
+m2ψ
−
µ γ
µνψ−ν + im2 ¯˜χ•γµψ
µ− +
m2
3
¯˜χ•χ˜• − m2
3
¯˜η•η˜•
+
N−1∑
aˆ=1
(
1
2
Gm+λ¯
aˆ+λaˆ+ +
1
2
Gm−λ¯aˆ−λaˆ−
)
+ h.c.. (3.42)
In the second line, we have defined
m1 =
〈
ieK/2
b0
〉
∆, m2 =
〈
ieK/2
b0
〉
(∆ + 2e3), (3.43)
m− =
〈
−ie
3K/2
b0
√
gNN¯
C
G
〉
∆¯, m+ =
〈
−ie
3K/2
b0
√
gNN¯
C
G
〉
(∆¯ + 2e3), (3.44)
χ• = 〈∂NK〉λN+ − 2ζ−, η• = 〈∂NK〉λN+ + ζ−, (3.45)
χ˜• = 〈∂NK〉λN− + 2ζ+, η˜• = 〈∂NK〉λN− − ζ+. (3.46)
Also, we have assumed that
〈faˆbˆN〉 = Cδaˆbˆ,
〈
g
aˆ
¯ˆ
b
〉
= Gδ
aˆ
¯ˆ
b
, (3.47)
where C and G are complex and real constants, for simplicity.11
11These can be achieved by choosing caˆbˆ, caˆbˆN ∝ δaˆbˆ in Eq. (3.41).
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From the kinetic terms in Eq. (2.33), we obtain
Lkin,f =ε
µνρσ
√−g
(
ψ¯+µ γν∂ρψ+σ + ψ¯
−
µ γν∂ρψ−σ
)− i
2
〈gNN¯〉
(
λ¯N+γµ∂µλ
N¯
+ + λ¯
N−γµ∂µλN¯−
)
+
N−1∑
aˆ=1
(
− i
2
Gλ¯aˆ+γµ∂µλ
¯ˆa
+ −
i
2
Gλ¯aˆ−γµ∂µλ
¯ˆa
−
)
− i (ζ¯+γµ∂µζ+ + ζ¯−γµ∂µζ−)+ h.c..
(3.48)
In terms of χ(χ˜) and η(η˜) defined above, we can rewrite them as
Lkin,f =ε
µνρσ
√−g
(
ψ¯+µ γν∂ρψ+σ + ψ¯
−
µ γν∂ρψ−σ
)
+
N−1∑
aˆ=1
(
− i
2
Gλ¯aˆ+γµ∂µλ
¯ˆa
+ −
i
2
Gλ¯aˆ−γµ∂µλ
¯ˆa
−
)
− i
6
χ¯•γµ∂µχ• − i
3
η¯•γµ∂µη• − i
6
¯˜χ•γµ∂µχ˜• − i
3
¯˜η•γµ∂µη˜• + h.c.. (3.49)
In Eqs. (3.42) and (3.49), χ and χ˜ are the goldstinos which correspond to the first and
the second supersymmetry breaking, respectively. It can be checked directly by
δχ• =
〈
−3ie
K/2
b0
〉
∆¯+, δχ˜• =
〈
−3ie
K/2
b0
〉
(2e3 + ∆¯)−. (3.50)
Thus, in the unitary gauge, χ = χ˜ = 0, they disappear from the spectrum. Then, we obtain
Lkin,f + LY =ε
µνρσ
√−g ψ¯
+
µ γν∂ρψ+σ −
i
3
η¯•γµ∂µη• +m1ψ+µ γ
µνψ+ν −
m1
3
η¯•η•
+
εµνρσ√−g ψ¯
−
µ γν∂ρψ−σ −
i
3
¯˜η•γµ∂µη˜• +m2ψ−µ γ
µνψ−ν −
m2
3
¯˜η•η˜•
+
N−1∑
aˆ=1
(
− i
2
Gλ¯aˆ+γµ∂µλ
¯ˆa
+ −
i
2
Gλ¯aˆ−γµ∂µλ
¯ˆa
−
)
+
N−1∑
aˆ=1
(
1
2
Gm+λ¯
aˆ+λaˆ+ +
1
2
Gm−λ¯aˆ−λaˆ−
)
+ h.c.. (3.51)
This gives the free parts of the fermion sector. Note that we have two massive pairs, ψ+, η
and ψ−, η˜, whose masses are given by |m1| and |m2| respectively. In addition, there are
2nv − 2 massive gauginos. The nv − 1 gauginos (λaˆ+) have the mass |m+|, and the others
(λaˆ−) have |m−|.12 Their mass scales are splitting due to the existence of e3.
12λaˆ± → 1√
G
λaˆ± and η•(η˜•)→
√
3
2η•
(√
3
2 η˜•
)
lead to the canonical normalization.
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3.5 Boson mass
First, let us focus on the following terms
LB ≡Lkin,v + Lkin,b + Ltop
=
1
4
IΛΣHΛµνHΣµν +
i
4
RΛΣHΛµνH˜Σµν
+ huvDµb
uDµbv − i
4
ΘΛmB˜µν,m
(
F µνΛ −
1
4
Θ nΛ B
µν
n
)
. (3.52)
Each term can be decomposed explicitly as
HΛµν = FΛµν +
1
2
ΘΛmBµν,m =
 F 0µνF aˆµν
FNµν +
1
2
MNBµν,2
 , (3.53)
− i
4
ΘΛmB˜µν,m
(
F µνΛ −
1
4
Θ nΛ B
µν
n
)
= − i
4
MN B˜µν,2
(
F µνN −
1
4
ENB
µν
2
)
, (3.54)
and
Dµb
2 = ∂µb
2 − (A0µe2 + ANµ EN + AµNMN), (3.55)
Dµb
3 = ∂µb
3 − A0µe3. (3.56)
Note that there seems nv + 2 vectors A
0
µ, A
aˆ
µ, A
N
µ , and AµN at a glance. However, we can
gauge away ANµν by
Bµν,2 → Bµν,2 − 2
MN
FNµν , Aµ,N → Aµ,N −
EN
MN
ANµ , (3.57)
and eliminate its degree of freedom. Therefore, we obtain nv + 1 vectors as usual. Also,
AµN and Bµν,2 do not have kinetic terms, and should be integrated out.
13 As shown in
Appendix B, eliminating Bµν,2 gives a kinetic term for AµN . We only show the result here.
After integrating out the two-form field, Eq. (3.52) at the vacuum is given by 14
LB =1
4
〈Iˆ00〉F 0F 0 + 1
2
〈IˆN0〉FNF 0 +
1
4
〈IˆNN〉FNFN + 1
4
〈Iˆaˆbˆ〉F aˆF bˆ
+
〈
1
2(b0)2
〉{ 1∑
u=0
∂µb
u∂µbu +
(
∂µb
3 − e3A0µ
)2
+
(
∂µb
2 − e2A0µ −MNAµN
)2}
, (3.58)
13 Bµν,1 and Bµν,3 are absent under the parametrization (2.27).
14The vacuum expectation values of the gauge kinetic function are shown in Appendix C.
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where
〈Iˆ00〉 = −〈e
−K〉
4
(e3 + Re∆)
2 + (e2 + Im∆)
2
(e3 + Re∆)2
, (3.59)
〈Iˆaˆbˆ〉 = Re (2caˆbˆ + 6λcaˆbˆN) , (3.60)
〈IˆN0〉 = −
〈e−K〉
4
MN(e2 + Im∆)
(e3 + Re∆)2
, (3.61)
〈IˆNN〉 = −〈e
−K〉
4
(MN)2
(e3 + Re∆)2
. (3.62)
For notational simplicity, here we have omitted the spacetime indices of the field-strength
Fµν .
It can be found that two hyperscalars, b2 and b3, can be eliminated by
A0µ → A0µ +
1
e3
∂µb
3, (3.63)
A′µ → A′µ +
1
MN
∂µb
2. (3.64)
where we have redefined AµN as
A′µ = AµN +
e2
MN
A0µ. (3.65)
Then, the Lagrangian becomes
LB =1
4
〈Iˆ00〉F 0F 0 + 1
2
〈IˆN0〉FNF 0 +
1
4
〈IˆNN〉FNFN + 1
4
〈Iˆaˆbˆ〉F aˆF bˆ
+
〈
1
2(b0)2
〉{ 1∑
u=0
∂µb
u∂µbu +
(
e3A
0
µ
)2
+
(
MNA′µ
)2}
. (3.66)
It contains nv − 1 massless vector fields and 2 massive ones. There are also two massless
hyperscalars, b0 and b1. For the massive modes, we can diagonalize their kinetic and mass
matrices by (
Bµ
B′µ
)
=
〈e−K/2〉
2(e3 + Re∆)
( √
E+e3cosθ
√
E+MNsinθ
−√E−e3sinθ
√
E−MNcosθ
)(
A0µ
A′µ
)
, (3.67)
where
E± = 1 +
Re∆
e3
+
|∆|2
2e23
± |∆|
2e23
√
|∆|2 + 4e3Re∆ + 4e23, (3.68)
tan2θ =
2e3Im∆
|∆|2 + 2e3Re∆ . (3.69)
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Finally, we obtain
LB =− 1
4
F (B)F (B)− 1
4
F (B′)F (B′) +
1
4
〈Iaˆbˆ〉F aˆF bˆ
+
〈
1
2(b0)2
〉 1∑
u=0
∂µb
u∂µbu +
1
2
m2BB
2
µ +
1
2
m2B′B
′2
µ , (3.70)
where F (B) and F (B′) denote the field-strength of Bµ and B′µ. Their masses are given by
m2B =
〈
eK
(b0)2
〉
4e23E−, (3.71)
m2B′ =
〈
eK
(b0)2
〉
4e23E+. (3.72)
Remarkably, mB and mB′ are related to m1 and m2 by
mB = ||m2| − |m1|| , (3.73)
mB′ = |m2|+ |m1|. (3.74)
We see some implications of their hierarchical structures.
Finally, let us check the mass of zi. Defining the fluctuation around the vacuum,
zi =
〈
zi
〉
+ z˜i, (3.75)
we can expand the scalar potential as
V = 〈V 〉+ (〈∂iV 〉 z˜i + h.c.)+ 〈∂i∂j¯V 〉 z˜i ¯˜z j¯ + (12 〈∂i∂jV 〉 z˜iz˜j + h.c.
)
+ · · · , (3.76)
where the ellipsis denotes higher order couplings of z˜i. The first and the second terms vanish
due to the (Minkowski) vacuum conditions.15 The third and fourth terms are expressed as〈
∂aˆ∂¯ˆbV
〉
= δaˆbˆ
〈
2e3K
(b0)2
|C|2
G
gNN¯
〉
(|∆|2 + 2e3Re∆ + 2e23), (3.77)
〈∂aˆ∂bˆV 〉 = −δaˆbˆ
〈
2e3K
(b0)2
C2
G
gNN¯
〉
∆¯(∆¯ + 2e3), (3.78)
〈∂N∂N¯V 〉 = 〈∂N∂¯ˆaV 〉 = 〈∂N∂NV 〉 = 〈∂N∂aˆV 〉 = 0, (3.79)
by assuming Eq. (3.47). Note that z˜N is massless. Taking into account the canonical
normalization (z˜aˆ → z˜aˆ/G), and diagonalizing the mass matrix, we obtain
V =
1
2
m2x(x
aˆ)2 +
1
2
m2y(y
aˆ)2 + · · · , (3.80)
15In order to avoid the runaway of b0, the vacuum should be the Minkowski one.
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field mass
Ψ+ ≡ {ψµ+, η•} |m1| =
∣∣∣〈 eK/2b0 〉∆∣∣∣
Ψ− ≡ {ψµ−, η˜•} |m2| =
∣∣∣〈 eK/2b0 〉∆′∣∣∣
Bµ mB = ||m2| − |m1||
B′µ mB′ = |m2|+ |m1|
λaˆ− |m−| =
∣∣∣〈 e3K/2b0 √gNN¯ CG〉 ∆¯∣∣∣
λaˆ+ |m+| =
∣∣∣〈 e3K/2b0 √gNN¯ CG〉 ∆¯′∣∣∣
xaˆ mx = |m+|+ |m−|
yaˆ my = ||m+| − |m−||
gµν , z
N , Aaˆ, b0, b1 0
Table 1: Mass spectrum
where
mx = |m+|+ |m−|, (3.81)
my = ||m+| − |m−|| , (3.82)(
xaˆ
yaˆ
)
=
1√
2
(
cosϕ sinϕ
−sinϕ cosϕ
)(
Rez˜aˆ
Imz˜aˆ
)
, (3.83)
tan2ϕ = − Im(m+m−)
2Re(m+m−)
(3.84)
The mass of z˜aˆ and λaˆ± are related by Eqs. (3.81) and (3.82) under the choice of Eq. (3.47).
In general cases, this relation does not seem to hold unlike the relations (3.73) and (3.74).
For general values of caˆbˆ and caˆbˆN , the gaugino masses (the last line in Eq. (3.42)) are given
by 〈
− i
2b0
e3K/2
√
gNN¯faˆbˆN
〉
∆¯λ¯aˆ−λbˆ− +
〈
− i
2b0
e3K/2
√
gNN¯faˆbˆN
〉
(∆¯ + 2e3)λ¯
aˆ+λbˆ+, (3.85)
and the gauginos have different masses depending on caˆbˆ and caˆbˆN . The boson masses of z˜
aˆ
are also similar.
3.6 Summary of mass spectrum
In table 1, we summarize the spectrum (at the tree level) obtained in the previous subsections,
where ∆′ ≡ ∆ + 2e3.
As we saw before, the first supersymmetry (+) recovers in the limit ∆ → 0. In this
case, the first gravitino ψµ+ becomes massless (|m1| = 0), and it belongs to the N = 1
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gravitational multiplet with gµν . The second gravitino ψµ− and η˜•, Bµ, B′µ have degenerate
masses (|m2| = mB = mB′), and they form an N = 1 massive spin 3/2 multiplet. Also,
half of the gauginos λaˆ− become massless, and with Aaˆ, they form nv − 1 massless N = 1
vector multiplets. The remaining gauginos λaˆ+ have the mass |m+|, and are degenerate with
z˜aˆ = {xaˆ, yaˆ}. Then, they form nv − 1 massive N = 1 chiral multiplets. Finally, {ζ−, b0, b1}
and {λN+, zN} form N = 1 massless chiral multiplets.
On the other hand, ∆′ = 0 (or ∆ = −2e3) corresponds to the case where the sec-
ond supersymmetry (−) recovers and the first one (+) is broken, which can be seen from
Eqs. (3.35)-(3.37). The mass spectrum is the same as the case of ∆ = 0, but the roles of
ψµ−, η˜•, and λaˆ+ are just replaced by ψµ+, η•, and λaˆ−, respectively.
Toward a phenomenological application, let us consider a case of hierarchical supersym-
metry breaking |∆′|  |∆|. Then, the mass spectrum of the massive vectors {Bµ, B′µ} and
the fermions Ψ− ≡ {ψµ−, η˜•} and Ψ+ ≡ {ψµ+, η•} satisfies
mB′ & |m2| & mB  |m1|, (3.86)
From the results shown in Appendix D, we find that all the interactions among these fields
schematically take the following forms:
BΨ¯−Ψ+, (3.87)
B′Ψ¯−Ψ+. (3.88)
Through these interactions, the possible decay processes of the heavy fields B′µ and Ψ− are
Ψ− → Ψ+, B, (3.89)
B′ → Ψ−,Ψ+. (3.90)
However, due to the mass relations (3.73) and (3.74), their decay rates vanish at least at the
tree level.
As for the other massive fields xaˆ, yaˆ and λaˆ±, there are no specific mass relations since
their masses depend on the free parameter C (or caˆbˆN in general). Thus, their decays to the
light states in Ψ+ can have nonvanishing rates.
In summary, we found that the direct decays from the heavy particles B,B′,Ψ− to the
light ones in Ψ+ are not allowed (at the tree level), but those from x
aˆ, yaˆ, λaˆ± to Ψ+ can be
allowed depending on C. We schematically show these allowed/forbidden decay processes in
Fig. 1. These restrictions may become important when we discuss the cosmological history
based on models of extended supergravity.
4 Conclusion
In this paper, we have investigated the N = 2 supergravity model that interpolates the
full and the partial breakings of supersymmetries, which is a generalization of Ref. [7]. We
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Figure 1: Decay modes to Ψ+
extend the model by introducing additional vector multiplets. As can be inferred from the
studies of the partial breaking of extended supergravity [7–9, 12], the magnetic gauging is
important and we chose the embedding tensor as Eq. (2.27) with Eq. (3.13). Then we found
the conditions for an N = 0 Minkowski vacuum, which is continuously connected to N = 1
preserving ones.
The breaking scales of the two supersymmetries can be chosen independently in our
model (see Eqs. (3.35)-(3.37)). Thus, we can discuss the case of the cascade supersymmetry
breakings in which the two supersymmetry breaking scales are separated hierarchically. This
is phenomenologically interesting when we consider the string compactifications. In such a
case, an approximate N = 1 supersymmetry appears at intermediate energies between the
two scales. In contrast to other phenomenological supersymmetric models, we can quan-
titatively discuss the effects of the second supersymmetry breaking on light modes in the
approximate N = 1 sector.
We computed the mass spectrum (see table 1), which is indeed characterized by two
different scales, |∆| and |∆′|. We found that there are non-trivial relations in the spectrum,
(3.73) and (3.74). Even for |∆′|  |∆|, there are no direct decay processes from the heavy
fields (B,B′,Ψ−) whose masses are of O(|∆′|) to the first gravitino (Ψ+) in our model (see
figure. 1). This property may be important when models based on extended supergravity16
are applied to cosmological scenarios.
There are several issues to be addressed: The first one is the generality of the gauging.
In this work, we have not discussed the most general gauging, taking the embedding tensor
16It is remarkable that supergravity in higher dimensional spacetime (such as the low energy effective
theories of superstrings) inevitably becomes an extended supergravity in four dimensions at low energies, if
the supersymmetry-breaking scales are lower than the compactification scales.
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as Eq. (2.27) with the simplification (3.13). While our model includes that of Ref. [7] as a
special case, it is worth investigating the other gauging and checking how general our result
is. Also, we may allow other vacuum solutions without assuming the ansatz (3.7)-(3.10), and
include higher-order terms in zi of the prepotential f . It would be also interesting to extend
this analysis to the system with multiple hypermultiplets and non-Abelian gauge symmetries
as in Ref. [39]. We leave them for future works.
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A Notations
A.1 Index of vector fields
The index of the vector fields Λ is decomposed as in table 2.
Λ = {0, 1 · · · , nv}
= {0, i} = {0, aˆ, N} = {Λˆ, N}
i = 1, 2, · · · , nv
aˆ = 1, 2, · · · , nv − 1
Λˆ = 0, 1 · · · , nv − 1
Table 2: Index of vector fields
A.2 Spinor notations
Here, we summarize spinor conventions.
The SU(2) and Sp(2) invariant tensors satisfy
ABBC = −δAC , 12 = 12 = 1, (A.1)
CαβCβγ = −δαγ , C12 = C12 = 1, (A.2)
and the indices of SU(2) and Sp(2) vectors are raised and lowered by
ABP
B = PA, 
ABPB = −PA, (A.3)
CαβP β = Pα, CαβPβ = −Pα. (A.4)
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The Pauli matrices are (σx) BA (x = 1, 2, 3) are
(σ1) BA =
(
0 1
1 0
)
, (σ2) BA =
(
0 −i
i 0
)
, (σ3) BA =
(
1 0
0 −1
)
. (A.5)
Their indices are raised and lowered by AB and 
AB defined above.
We denote the chirality of the spinors as
γ5

ψA
λiA
ζα
χ•(χ˜•)
η•(η˜•)
 =

ψA
λiA
ζα
χ•(χ˜•)
η•(η˜•)
 , (A.6)
γ5

ψA
λi¯A
ζα
χ•(χ˜•)
η•(η˜•)
 = −

ψA
λi¯A
ζα
χ•(χ˜•)
η•(η˜•)
 . (A.7)
B Integrating out two-form field
Here we show the process to integrate out the auxiliary two-form field, which is needed for
the embedding tensor formalism [10,11].
The two-form field appears in Eqs. (2.32), (2.42). Also, it is contained in Eq. (D.6) which
is necessary for deriving the interactions in Appendix D. We summarize them as,
Lkin,v + Ltop + LPauli =1
4
IΛΣHΛµνHΣµν +
i
4
RΛΣHΛµνH˜Σµν
− i
4
ΘΛmB˜µν,m
(
F µνΛ −
1
4
Θ nΛ B
µν
n
)
+HΛµνQµνΛ , (B.1)
where QµνΛ comes from Eq. (D.6), and is defined by
QµνΛ ≡ReSµνΛ + ∗iImSµνΛ , (B.2)
SµνΛ ≡IΛΣ
{
2LΣψ¯AµψBνAB − 2if¯Σi¯ λ¯i¯AγνψµBAB
+
1
4
DifΣj λ¯iAγµνλjBAB −
1
2
LΣζ¯αγ
µνζβCαβ
}
. (B.3)
Here ∗ denotes a Hodge dual defined by ∗Tµν = − i2εµνρσT ρσ.
In the gauge (3.57), the E.O.M of Bµν,2 yields
IΛˆNHΛˆµν + iRΛˆNH˜Λˆµν − iF˜µνN +
i
2
EN B˜µν,2 + 2QNµν = 0, (B.4)
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where we have introduced an index Λˆ = {0, aˆ}. This can be solved as
Bµν,2 = − 2
MN
INN
I2NN + P2NN
Jµν + 2i
MN
PN
I2NN + P2NN
J˜µν , (B.5)
PNN ≡ EN
MN
+RNN , (B.6)
Jµν ≡ INΛˆF Λˆµν + iRNΛˆF˜ Λˆµν − iF˜µνN + 2QN . (B.7)
By substituting the solution into the Lagrangian (B.1), we obtain
Lv,kin + Ltop + LPauli =1
4
IˆΛˆΣˆF ΛˆF Σˆ +
1
2
IˆN
Σˆ
FNF
Σˆ +
1
4
IˆNNFNFN
+
i
4
RˆΛˆΣˆF ΛˆF˜ Σˆ +
i
2
RˆN
Σˆ
FN F˜
Σˆ +
i
4
RˆNNFN F˜N
+ ΣNQN +HΛˆQΛˆ + four fermi couplings, (B.8)
where
IˆΛˆΣˆ =IΛˆΣˆ +
INN
I2NN + P2NN
[
RΛˆNRΣˆN − IΛˆNIΣˆN − 2I−1NNPNNR(ΛˆNIΣˆ)N
]
, (B.9)
IˆN
Λˆ
=
INN
I2NN + P2NN
[
−RNΛˆ + PNNI−1NNINΛˆ
]
, (B.10)
IˆNN = INNI2NN + P2NN
, (B.11)
RˆΛˆΣˆ =RΛˆΣˆ +
INN
I2NN + P2NN
[
I−1NNPNN (IΛˆNIΣN −RΛˆNRΣˆN)− 2R(ΛˆNIΣˆ)N
]
, (B.12)
RˆN
Λˆ
=
INN
I2NN + P2NN
[
INΛˆ + PNNI−1NNRNΛˆ
]
, (B.13)
RˆNN =− PNNI2NN + P2NN
, (B.14)
ΣN =− INNI2NN + P2NN
[
−iF˜N + INΛˆF Λˆ + iRNΛˆF˜ Λˆ
− iI−1NNPNN
(
−iFN + INΛˆF˜ Λˆ + iRNΛˆF Λˆ
)]
. (B.15)
The first and the second line in Eq. (B.8) describe the kinetic terms and theta couplings
of physical vector fields. The third line shows the interactions including the vector and
the fermion biliner couplings (we have neglected four fermi interactions), which are used in
Appendix D.
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C Expectation values of gauge kinetic function
Here we list the explicit expressions of the vacuum expectation values of the gauge kinetic
function and the couplings appearing in Eq. (B.8).
At the vacuum, the gauge kinetic function (2.17) is evaluated as,
〈I00〉 = −〈K0〉
2
1 + (λ+ λ¯)〈∂NK〉+ 2|λ|2〈∂NK〉2
1− (λ− λ¯)2〈∂NK〉2
, (C.1)
〈I0N〉 = 〈K0∂NK〉
2
1 + (λ+ λ¯)〈∂NK〉
1− (λ− λ¯)2〈∂NK〉2
, (C.2)
〈INN〉 = −〈K0〉 〈∂NK〉
2
1− (λ− λ¯)2〈∂NK〉2
, (C.3)
〈Iaˆbˆ〉 = Re (2caˆbˆ + 6λcaˆbˆN) , 〈I0aˆ〉 = 〈INaˆ〉 = 0, (C.4)
〈R00〉 = 2Imc0 − i〈K0〉(λ− λ¯)〈∂NK〉
2
2
λ+ λ¯+ (λ2 + λ¯2)〈∂NK〉
1− (λ− λ¯)2〈∂NK〉2
, (C.5)
〈R0N〉 = −e2 + Im∆
MN
+
i〈K0〉(λ− λ¯)〈∂NK〉2
2
1 + (λ+ λ¯)〈∂NK〉
1− (λ− λ¯)2〈∂NK〉2
, (C.6)
〈RNN〉 = − EN
MN
− i〈K0〉 (λ− λ¯)〈∂NK〉
3
1− (λ− λ¯)2〈∂NK〉2
, (C.7)
〈Raˆbˆ〉 = Im (2caˆbˆ + 6λcaˆbˆN) , 〈R0aˆ〉 = 〈RNaˆ〉 = 0. (C.8)
By substituting these equations into Eqs. (B.9)-(B.15), we obtain
〈Iˆ00〉 =− 〈e
−K〉
4
(e3 + Re∆)
2 + (e2 + Im∆)
2
(e3 + Re∆)2
, (C.9)
〈Iˆaˆbˆ〉 =〈Iaˆbˆ〉, (C.10)
〈IˆN0〉 =−
〈e−K〉
4
MN(e2 + Im∆)
(e3 + Re∆)2
, (C.11)
〈IˆNN〉 =− 〈e
−K〉
4
(MN)2
(e3 + Re∆)2
, (C.12)
〈Iˆ0aˆ〉 =〈IˆNaˆ〉 = 0, (C.13)
〈ΣN〉 = 〈e−K〉 (MN)2
4(e3 + Re∆)2
[
−iF˜N + 2 〈∂NK〉 ImλFN − i(e2 + Im∆)
MN
F˜ 0
+
1
MN
{
e3 + Re∆ + 2 〈∂NK〉 ((e3 + Re∆)Reλ+ (e2 + Im∆)Im∆)
}
F 0
]
(C.14)
Here we have omitted the expressions of 〈Rˆ〉, which are not necessary in the main text.
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D Interaction
Here, we calculate the interaction terms up to three point couplings. We focus on the
interactions of the massive fermions including two gravitinos.
Before specifying the interactions on the vacuum, here we enumerate the undefined quan-
tities in subsection 2.3 : The covariant derivatives of the fermions, LPauli, and Lder.
The covariant derivatives of the fermions are given by [46,49–51],
DµψAν = ∇µψAν + i
2
QˆµψAν + ωˆ
B
AµψBν , (D.1)
DµλiA = ∇µλiA − i
2
Qˆµλ
iA + Γˆi jµλ
jA + ωˆABµλ
iB, (D.2)
Dµζα = ∇µζα − i
2
Qˆµζα + ∆ˆ
β
αµζβ, (D.3)
where ∇µ denotes the one including the Levi-Civita connection on spacetime, and Γˆi jµ =
Γijk∂µz
k. Qˆµ, ωˆ
B
Aµ, and ∆ˆ
αβ
µ are the U(1), SU(2), and Sp(2) (gauged) connections, which are
given by
Qˆµ = − i
2
(
∂iK∂µzi − ∂i¯K∂µz¯ i¯
)
, (D.4)
ωˆ BAµ = ∆ˆ
β
αµ =
i
2b0
(
∂µb
3 − A0µe3 ∂µb1 − i∂µb2 + iA′µMN
∂µb
1 + i∂µb
2 − iA′µMN −∂µb3 + A0µe3
)
. (D.5)
LPauli is given by
LPauli =H+Λµν IΛΣ
{
2LΣψ¯AµψBνAB − 2if¯Σi¯ λ¯i¯AγνψµBAB
+
1
4
DifΣj λ¯i¯AγµνλjBAB −
1
2
LΣζ¯αγ
µνζβCαβ
}
+ h.c., (D.6)
where H±µν ≡ 12(Hµν ± H˜µν) are (anti) self-dual tensors.
Finally, Lder is given by
Lder =− gij¯∂µz¯ j¯ψ¯µAλiA − 2UAαu Dµbuψ¯µAζα + gij¯∂µz¯ j¯λ¯iAγµνψAν
+ 2UAαu Dµbuζ¯αγµνψAν + h.c.. (D.7)
Then, let us see the explicit forms of the interactions on the vacuum and under the gauge
conditions χ = χ˜ = 0, Eqs. (3.57), (3.63), and (3.63).
From Eq. (D.6), we can obtain the vector and fermion bilinear couplings. It also contains
the two-form field Bµν,2 and affects the process of integrating out Bµν,2 (see Appendix B).
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After integrating out Bµν,2, LB + LPauli produces
Lint,1 =O1F+µν(B)ψ¯+µψ−ν +O2F+µν(B) (η¯•γνψµ− − ¯˜η•γνψµ+) +O3F+µν(B)¯˜η•γµνη•
+O4aˆbˆF+µν(B)
(
−λ¯aˆ+γµνλbˆ− + λ¯aˆ−γµνλbˆ+
)
+O5F+µν(B′)ψ¯+µψ−ν +O6F+µν(B′) (η¯•γνψµ− − ¯˜η•γνψµ+) +O7F+µν(B′)¯˜η•γµνη•
+O8aˆbˆF+µν(B′)
(
−λ¯aˆ+γµνλbˆ− + λ¯aˆ−γµνλbˆ+
)
− 2i〈eK/2〉 〈Iaˆbˆ〉F aˆ+µν
(
−λ¯¯ˆb+γνψµ− + λ¯
¯ˆ
b
−γ
νψµ+
)
− 2
〈
eK
〉
3
Reλ 〈Iaˆbˆ〉
〈
fcˆdˆNg
cˆ
¯ˆ
b
〉
F aˆ+µν
(
−λ¯dˆ+γµν η˜• + λ¯dˆ−γµνη•
)
+ h.c., (D.8)
in addition to Eq. (3.70). Here we have omitted four fermi interactions which come from the
integration of Bµν,2. The coefficients are given by
O1 =
〈
4eK/2
b0
〉
1
|m2|+ |m1|
(
e3e
iθ + ∆cosθ
)
, (D.9)
O2 =
〈
−4ie
K/2
3b0
〉
1
|m2|+ |m1|
(
e3e
−iθ + ∆¯cosθ
)
, (D.10)
O3 =
〈
eK/2
9b0
〉
1
|m2|+ |m1|
(
e3e
iθ + ∆cosθ
)
, (D.11)
O4aˆbˆ =
〈
eK
8b0
〉〈
faˆbˆNg
NN¯
〉 1
Reλ(|m2|+ |m1|)
(
e3e
−iθ + ∆¯cosθ
)
, (D.12)
O5,6,7,8 are obtained by the replacements O1,2,3,4 with cosθ → −sinθ, sinθ → cosθ, and
|m1| → −|m1| in their expressions. In the derivation, we have assumed Rec0 = 0.
From Eq. (D.7), we obtain
Lint,2 = 1
3Reλ
∂µ ¯˜z
N¯ (η¯•γνγµψ+ν + ¯˜η•γνγµψ−ν)− 〈gaˆ¯ˆb〉∂µ ¯˜z
¯ˆ
b
(
λ¯aˆ+γνγµψ+ν + λ¯
aˆ−γνγµψ−ν
)
+
〈
1
3b0
〉
∂µb
0 (η¯•γνγµψ+ν + ¯˜η•γνγµψ−ν) +
〈
i
3b0
〉
∂µb
1 (η¯•γνγµψ+ν − ¯˜η•γνγµψ−ν)
+
〈
1
3(b0)2
〉
MNe3
Reλ(|m2|+ |m1|)Bµ
(
e−iθ ¯˜η•γνγµψ+ν + eiθη¯•γνγµψ−ν
)
+
〈
1
3(b0)2
〉
MNe3
Reλ(|m2| − |m1|)B
′
µ
(
e−iθ ¯˜η•γνγµψ+ν + eiθη¯•γνγµψ−ν
)
+ h.c.. (D.13)
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Also, we have the scalar and the fermion bilinear couplings from Eq. (2.35),
Lint,3 =2
(
S˜11 + S˜12
)
ψ¯+µ γ
µνψ+ν + 2
(
S˜11 − S˜12
)
ψ¯−µ γ
µνψ−ν
+
{
i
〈
g
aˆ
¯ˆ
b
〉 (
W˜ aˆ11 + W˜ aˆ12
)
λ¯
¯ˆ
b
+γµψ
µ
+ +
2i 〈∂NK〉
3
(
W˜N11 + W˜N12
)
η¯•γµψ
µ
+
+ ig˜N ¯ˆa
〈
gNN¯∂NK
〉
m¯1λ¯
¯ˆa
+γµψ
µ
+ +
2i
3
〈
gNN¯
〉
g˜NN¯m¯1η¯
•γµψ
µ
+
+ (+→ −, W˜ i12 → −W˜ i12,m1 → m2)
}
− 2i
3
(
N˜ 11 + N˜
1
2
)
¯˜η•γµψ
µ
−
+
2i
3
(
N˜ 11 − N˜ 12
)
η¯•γµψ
µ
+ +
1
9
(
M˜11 + M˜12
)
¯˜η•η˜• +
1
9
(
M˜11 − M˜12
)
η¯•η•
+
{
−1
3
(
M˜1aˆ1 + M˜2aˆ1
)
¯˜η•λaˆ− − 2
9 〈∂NK〉
(
M˜1N1 + M˜2N1
)
¯˜η•η˜•
− (− → +,M˜2i1 → −M˜2i1)
}
+
{(
M˜11aˆbˆ + M˜12aˆbˆ
)
λ¯aˆ+λbˆ+
+
4
3 〈∂NK〉
(
M˜11aˆN + M˜12aˆN
)
λ¯aˆ+η• +
4
9
〈
gNN¯
〉(
M˜11NN + M˜12NN
)
η¯•η•
+ (+→ −, M˜12ij → −M˜12ij)
}
+ h.c., (D.14)
where we have defined the fluctuations from the expectation values of Eqs. (2.36)-(2.41)
and gij¯, and distinguished them by adding tilde. They are the functions of z˜
i and b0.
+(−) → −(+) denotes that ψ+(ψ−) and η(η˜) should be replaced by ψ−(ψ+) and η˜(η)
respectively.
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Finally, the covariant derivatives in Eqs. (D.1)-(D.3) produce the following terms,
Lint,4 =− i
2
εµνρσ√−g
˜ˆ
Qρ
(
ψ¯+µ γνψ+σ + ψ¯
−
µ γνψ−σ
)
+
〈
i
2b0
〉
εµνρσ√−g∂ρb
1
(
ψ¯+µ γνψ+σ − ψ¯−µ γνψ−σ
)
+
〈
i
2(b0)2
〉
εµνρσ√−g
e3m
N
Reλ(|m2|+ |m1|)Bρ
(
eiθψ¯+µ γνψ−σ + e
−iθψ¯−µ γνψ+σ
)
−
〈
1
2(b0)2
〉
εµνρσ√−g
e3m
N
Reλ(|m2| − |m1|)B
′
ρ
(
eiθψ¯+µ γνψ−σ − e−iθψ¯−µ γνψ+σ
)
+
{
−1
4
〈
g
aˆ
¯ˆ
b
〉
λ¯
¯ˆ
b
+γ
µ ˜ˆQµλ
aˆ+ − 1
6
η¯•γµ ˜ˆQµη• − i
2
〈
g
aˆ
¯ˆ
b
〉
λ¯
¯ˆ
b
+γ
µ ˜ˆΓaˆkµλ
k+
− i
3
〈∂NK〉 η¯•γµ ˜ˆΓNkµλk+ + (+→ −)
}
+
{〈
1
4b0
g
aˆ
¯ˆ
b
〉
∂µb
1λ¯
¯ˆ
b
+γ
µλaˆ+ +
〈
1
18b0
〉
∂µb
1η¯•γµη• − (+→ −)
}
+
〈
1
4(b0)2
g
aˆ
¯ˆ
b
〉
e3M
N
Reλ(|m2|+ |m1|)Bµ
(
e−iθλ¯
¯ˆ
b
+γ
µλaˆ− + eiθλ¯
¯ˆ
b
−γ
µλaˆ+
)
−
〈
i
4(b0)2
g
aˆ
¯ˆ
b
〉
e3M
N
Reλ(|m2| − |m1|)B
′
µ
(
e−iθλ¯
¯ˆ
b
+γ
µλaˆ− − eiθλ¯¯ˆb−γµλaˆ+
)
+
〈
1
18(b0)2
〉
e3M
N
Reλ(|m2|+ |m1|)Bµ
(
e−iθη¯•γµη˜• + eiθ ¯˜η•γµη•
)
−
〈
i
18(b0)2
〉
e3M
N
Reλ(|m2| − |m1|)B
′
µ
(
e−iθη¯•γµη˜• − eiθ ¯˜η•γµη•
)
+ h.c., (D.15)
where we have defined the fluctuations as Qˆµ = 〈Qˆµ〉+ ˜ˆQµ and Γˆkiµ = 〈Γˆkiµ〉+ ˜ˆΓkiµ. They are
the functions of z˜i.
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